The emergence of 2-dimensional (2D) materials could herald numerous advanced scientific methodologies for both fundamental and applied research. These ultrathin materials can be functionalized and, thus, have the potential to make new devices and sensors that are both highly efficient and sensitive. In addition to being mechanically robust, the 2D materials can be engineered to provide sensor architectures that further increase their inherent high surface area by creating 3D geometries using layer by layer assembly to make stacked devices that could potentially be transparent. The increased sensor surface area would deliver increased signal-tonoise and sensitivity. Here highly sensitive and selective electrochemical detection of bioanalytes using some of engineered 2D materials such as graphene nano-ribbons, fluorinated graphene, and molybdenum disulfide is presented. It is found that surface moieties, defects and surface charges in these ultra-thin layers result in enhanced electron transfer kinetics between the electrodes and biomolecules. This in turn results in an oxidation or reduction of biomolecules with a high peak current, indicating the possible uses of 2D materials for various point-of-care devices. A novel stable 3D electrode geometry has been found to have enhanced heterogeneous electron transfer properties compared to 2D electrodes and provides evidence that electrode geometry and surface area could significantly impact the performance of biosensors.
INTRODUCTION
Various forms of carbon based materials are commercially available for electrochemical processes [1] [2] . But their electrochemical activities towards different electrochemical reactions are not on par with the electrochemical activities of some the recent graphitic carbon forms such as graphene. Graphene can be controllably doped with other heteroatoms to tune their physicochemical properties along with a large control over its electronic as well as electrochemical performance [3] . This in turn result in to the development of graphene based electronic as well as electrochemical devices. Increasing demand in the development of novel point-of-care (POC) devices is attracted the attention of researchers for the possibilities of graphene based POCs.
Electrochemical bio-sensors are one of the important classes of biosensors. The response of the active electrodes towards electro-oxidation or reduction of bio-analytes or electron transfer
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, kinetics between electrodes and analytes can be monitored and the signals can be used for sensing the concentration. Recent studies identified that the electron transfer kinetics between graphene and various analytes is highly depend on the defects present in the graphene, graphene surface charge, electrode morphology and presence of hetero atoms. Hence, controlling these parameters and designing new electrodes may lead to the selective and sensitive electrochemical detection of bioanalytes using graphene backbone.
Advent of large number of layered materials with varying physical and chemical properties attracted researchers for make use them in biosensors. Enormous surface area, high catalytic activity, electronic conductivity and surface charge are some of the properties of 2D materials those can be utilized in selective and sensitive biosensing. For example, surface charge on some of these 2D atomic layers can discriminate similarly charged bioanalytes and hence can be utilized for selective detection of certain analytes.
Graphene protein biosensors require a careful design of the interface between graphene and protein. which is the gateway for transfer of electrons. Our initial studies have used single layer graphene functionalized using a linker molecule and co-valently attached to protein For optimizing electron transfer in Graphene Protein Biosensor, we have designed by protein engineering GOx mutants that are a priori expected to efficiently transfer the electronic charge by relay from the active FAD (Flavine Adenine Dinucleotide) to graphene surface.
Conventionally electrochemical electrodes are planar in geometry, and thereby their active surface area for electrochemical processes is limited [4] . High surface area nanomaterials can be coated over these electrodes to overcome this shortcoming of planar electrodes. However, it has been observed that the modifications of electrodes with 1-dimensional (1D) and 2D nanomaterials were provided only nominal changes in their electrochemical response due to limitations of supporting planar electrodes. Hence it is essential to implement new electrode geometries or designs in conventional devices to enhance their efficiency/sensitivity.
Development ultra-small sensors and devices demand the designing of micro-or nanobased new architectures. Bottom-up approach to build 3-dimensional (3D) architectures from 1D or 2D nanomaterials is receiving tremendous scientific attention due to the applications of such 3D structures in various energy technologies. Engineering the electrodes for the better performance of the electronic/electrochemical devices is a crucial aspect in making energy efficient devices. But building of such 3D structures and their stabilities under harsh conditions are still in question and development of such strong hierarchical structures is still remaining as difficult.
Here, 2D nanomaterials such as graphene, fluorinated graphene (FG), graphene nanoribbons (GNRs), and molybdenum disulfide (MoS 2 ) are subjected to their electrochemical performance studies and compared. Moreover, the electrochemical performance of 2D materials modified electrodes are compared with their new 3D electrode geometry and showed that these materials and new geometry are promising for the development of various electrochemical biosensors.
EXPERIMENT
Synthesis of 2D layers of graphene, fluorinated graphene, graphene nanoribbons, and Molybdenum disulfide: Graphene and fluorinated graphene were prepared by chemical route [5] . First, graphene oxide (GO) was synthesized via an improved method. For this, a 9:1 mixture of concentrated H 2 SO 4 /H 3 PO 4 (360:40 mL) was added to a mixture of graphite flakes (3.0 g, 1 wt equiv) and KMnO 4 (18.0 g, 6 wt equiv). The reactants were then heated to 50 o C and stirred for 12 h. The reaction was cooled to room temperature and poured onto ice with 30% H 2 O 2 (3 mL). The material was then washed in succession with 200 mL of water, 200 mL of 30% HCl, and 200 mL of ethanol (2 times). The material remaining after this multiple-wash process was coagulated with 200 mL of ether, and the resulting suspension was filtered over a PTFE membrane with a 0.22 μm pore size. Thus obtained GO powder is kept in hydrazine hydrate atmosphere at 90 o C for 24 hours. This results in to the reduction of GO into reduced graphene oxide (chemically derived graphene -in this article it refers to graphene). Fluorinated GO (FGO) has also been prepared using a similar method taking fluorinated graphite as the starting material and the reduction of FGO as explained above results to the formation of fluorinated graphene.
The GNRs were derived from GO nanoribbons (GONRs). The GONR was synthesized using a well-established technique of oxidative unzipping of MWCNTs employing KMnO 4 in acidic conditions [6] . 100 mg of MWCNTs was dispersed in 36 mL of H 2 SO 4 . This mixture has been stirred for 1 hour (this will help to remove the metallic catalyst present in MWCNTs and stirring will result in to uniform suspensions). 4 mL of H 3 PO 4 (so that volume ratio of H 2 SO 4 /H 3 PO 4 is 9:1) was added to this mixture and the stirring was continued for next 15 minutes. 800 mg KMnO 4 was then added to the mixture (8 weight equivalent of MWCNTs). The temperature has been raised to 65 ºC and kept this for 2 hours. It was noticed that prolonged and vigorous sonication/stirring of this mixture at elevated temperatures leads to the formation of completely broken tubes (flake size having 10-15 nm in irregular shape). The mixture was cooled down to room temperature and the reaction mixture was poured in to an ice bath containing hydrogen peroxide (~5 mL). The resultant precipitate was filtered and washed several times using water and HCl in a consecutive and cyclic manner. The material dispersed and coagulated using ethanol and ether and the powder is filtered and dried using vacuum oven. Thus obtained GNRs are reduced as discussed in the case of GO and FGO.
MoS 2 atomic layers were prepared by liquid exfoliation method using MoS 2 micron sized powders (Bay Carbon, Inc.) as starting material [7] . Dimethyl formamide (DMF) was used as the exfoliation medium (room temperature surface tension ∼37 mN/m). The pristine powder is sonicated for 3 h, and the resultant solution was centrifuged at a high rate of 3000 rpm. The resultant supernatant is collected and filtered, and dried.
Synthesis of 3D GNRs:
The dried GONR powder is dispersed in deionized water and 22 mM glutaraldehyde (GAD) solution is added in to this dispersion. The resultant solution is stirred for 3 hours. The solution is then poured in to regular shaped dies and is freeze dried using lyophilizer. The resultant material is a porous interconnected solid with a macroscopic shape of the die used for casting.
GNRs and 3D GNRs based electrodes fabrication:
A glassy carbon electrode (GCE, 3 mm diameter) was polished using 0.3µm and 0.05 µm alumina slurries, and then cleaned under bath sonication for 5 minutes in acetone and doubly distilled water successively. The GNRs (2 mg) were dispersed in DMF (1 mL) solution after sonication to get homogenous solution. The GNRs based electrodes were prepared by drop casting the GNRs solution (5 µL) on the GCE and the electrodes were then dried at room temperature. 3D GNRs based electrodes were also prepared in a similar manner. MoS 2 electrode fabrication: 1mg of liquid exfoliated MoS 2 was dissolved in 1mL of acetone and ultrasonicated for about 2 hours at room temperature. About 5µL of the resulting solution was drop casted on to the polished GCE and allowed to dry for 1 hour at room temperature. After 1 hour, the electrode was gently rinsed with DI water thrice to remove impurities (if any present on its surface). The resulting electrode was then employed for all the electrochemical experiments [7] .
Electrochemical Characterizations: A CHI instrument Inc (model no. 900B) potentiostat was used for all potentiodynamic experiments. Hexammine ruthenium (III) chloride, potassium hexacyanoferrate (III), potassium hexacyanoferrate (IV), sodium phosphate (dibasic salt), sodium chloride, trisodium citrate, and bovine serum albumin were all purchased from SigmaAldrich (St. Louis, MO) and used without any further purification. Glassy carbon electrodes, Ag/AgCl (3.0 M KCl) reference electrodes and platinum wire counter electrodes were all purchased from CH Instruments (Austin,Texas, USA).
DISCUSSION
The atomically layered nature of as synthesized graphene and fluorinated graphene (with 23 atomic% of fluorine) are shown in TEM images figure 1A and 1B. The TEM image of GNR shown in figure 1C shows the high aspect ratio layered nature of GNR. The TEM image of liquid exfoliated MoS 2 is also shown in figure 1D and it also clearly shows the 1-2 atomic layers containing MoS 2 sheet. 
Improved electrochemical performance of fluorinated graphene
Four different systems namely -FGO, GO, fluorinated graphene and graphene-were subjected to a detailed electron transfer kinetic studies using standard redox probes. A phenomenal enhancement in the electron transfer properties of graphene upon fluorine incorporation is observed. When their transfer rates are compared it is observed that they follow the following trend (in cm/s), Fluorinated graphene (3.2x10 -3 ) > FGO (1.6x10 -3 ) > graphene (1.4x10 -3 ) > GO (6.2x10 -5 ) [4] . This indicates that despite of the presence of similar amount of oxygen functionalities, FGO showed a 2 order higher rate transfer than GO. This motivated for the study of electro oxidation process of biologically important molecules such as ascorbic acid (AA), dopamine (DA), and uric acid (UA) using these electrodes. Dopamine (DA) is an important neurotransmitter since it plays a key role in the motor and cognitive functions in humans and animals and it modulates several aspects of brain circuitry. Hence there is a significant interest amongst researchers in developing novel materials and appropriate methods to detect DA with high sensitivity.
Figure 2 (A&B) shows the CVs of 1.0 mM AA, and DA, oxidation in PBS 7.4 at different graphene materials modified GCE. It has to be mentioned that the AA oxidation is chemically an irreversible process and the electrode kinetics depend on oxidation potential (Ep ox ). It can be seen from figure-3A that the AA oxidation is fully hindering with GO electrode. This can be possibly due to the electrostatic repulsion between oxygen rich functional groups containing GO and negatively charged AA. While graphene shows AA oxidation peaks and the anodic peak current start at 0.2 V indicating the effective removal of functional groups results to the enhanced electrochemical activity of graphene towards AA oxidation. But in the case of FGO electrode there is a significantly lower over potential with anodic peak current start at 0.0 V indicating fast electron transfer kinetics, even with the presence of more oxygen containing functional groups than that in graphene. In the case of fluorinated graphene, the AA oxidation peak starts at the same potential of 0.0 V and only small peak current (2 µA) enhancement observed than FGO surface. It indicates no such great influence on oxygen functional present on FGO surface. AA oxidation is a surface sensitive electrochemical reaction, i.e., sensitive to surface chemistry and microstructure as well as density of electronic states near the formal potential. Unlike AA, DA oxidation peak is noticeable at even GO surface (figure-2B). This is because of electrostatic attraction between negatively charged GO surface and positively charged DA molecule in PBS 7.4 condition. The graphene surface has higher DA oxidation starts at 0.1 V and peak current is 10 µA. In the case of FGO, superior catalytic activity was observed for DA oxidation too, in term of less anodic over potential (0.05 V) with 3.3 times (33µA) higher current than GO surface. Like AA oxidation, DA oxidation at fluorinated graphene also not much affected in terms of oxidation potential and peak current compared to FGO. DA is less sensitive to the surface oxygen functional groups on graphene surface, and hence fluorine doping on graphene can also alter the density of electronic states near Fermi level of graphene. Hence, an enhancement in electron transfer kinetics is observed with fluorinated graphene systems and is due to the increased defects due to the fluorine presence, microstructure and modification of the density of states of graphene. 
Selective electrochemical sensing using MoS 2 ultra-thin sheets
Since most of the neurotransmitters are electrochemically active, electrochemical detection method for them are highly preferred. Miniaturization of such electrochemical detectors will allow the electroanalysis inside the neural cells and in other intracellular regions of interest. But in the neuronal regions, DA always co-exists with its common interferent AA and both of them undergo oxidation at a similar potential under physiological conditions (pH 6.9-pH 7.5). Moreover, the concentration of AA is always higher than that of DA and hence a reliable measurement and quantification of DA via electrochemical methods becoming highly challenging. Hence selective electrochemical detection got attention on this regard. [7] . Figure 3A shows the cyclic voltammogram obtained using 1.0 mM DA/pH 7.4 (PBS) at the MoS 2 electrode. The same experiment has been conducted at the GCE too. It is evident that the MoS 2 electrode exhibits an oxidation peak centered at 140mV±14mV while GCE exhibits an oxidation peak centered at 300mV±12mV corresponding to the oxidation of DA. The oxidation of DA occurs at a less positive potential in the case of MoS 2 electrode than GCE confirms the excellent electrochemical biosensing property towards DA. Similarly the cyclic voltammetry of 1.0 mM AA/pH 7.4 PBS with MoS 2 electrode is also conducted. Here the MoS 2 electrode exhibited an oxidation peak centered at 520mV±13mV while the GCE exhibited an oxidation peak centered at 400mV±19mV corresponding to the oxidation of AA. Moreover, the MoS 2 electrode exhibited a lower peak current density than GCE. This is due to the repulsion experienced by the negatively charged AA molecules from the surface negative charge spread over the MoS 2 nanosheets. In order to check the possibilities of MoS 2 electrode towards the selective detection of DA in the presence of excess AA, differential pulse voltammetry was performed at this electrode in 0.1 mM DA and 10 mM AA in pH 7.4 PBS ( figure 3b, inset) . It can be seen that there is only one peak centered at 140±6mV that corresponds to the oxidation of DA and the peak corresponding to the oxidation of AA is absent. Hence it is clear that the presence of AA has no effect on the oxidation of DA, and the MoS 2 electrode has the ability to eliminate the signal arising from AA when it is present together with DA. Since DA is positively charged at pH 7.4 and thereby it can be favorably detected at this negatively charged MoS 2 surfaces. Hence ultrathin MoS 2 electrodes require no further modification steps to eliminate the interference caused by other co-existing negatively charged molecules which is often a very difficult task with other bare electrodes.
Comparison of the electrochemical performance of 2D and 3D electrodes
GNR is a graphene derivative with high length to breadth ratio and it is receiving tremendous scientific attention due to their aspect ratio dependent electronic properties. GNRs were also tested in electrochemical systems such as batteries and supercapacitors and those showed an augmented performance compared to other carbon structures based electrochemical systems. GNRs containing active edge planes are responsible for this improved electrochemical response. Here, we studied the electrochemical performance of individual GNRs and their 3D solid monoliths. The electrochemical response is highly sensitive to the physical properties of the surface, and hence background cyclic voltammograms were taken using both GNRs and 3D GNRs electrodes (figure 5A). It can be seen that a verey high capacitance contribution is coming from 3D GNRs due to its enhanced surface area. In order to further probe the capacitance values, the 3D GNRs and GNRs are studied for their capacitance measurements, and the cyclic voltammograms in alkaline medium are shown in figure 4B .The capacitance values are calculated as 2482 µF.cm -2 and 1942 µF.cm -2 for 3D GNRs and GNRs respectively. This indicates that an enormous surface area enhancement in 3D GNRs is responsible for this high double layer capacitance and identified 3D GNRs as a potential candidate for supercapacitance applications. The fast electron transfer process happening in these new geometry electrodes along with an enhanced peak current motivated for the development of biosensors based on these electrodes. Cyclic voltammograms are conducted with both AA and DA using 3D GNRs and GNRs and it is evident from figure 5C and 5D that in both the cases, 3D GNRs showed negative shifts in potential with large increase in peak currents. Improved electronic properties, enormous surface area and fast electron transfer through the 3D networks are responsible for these imrpoved performances of 3D GNRs in comparison to individual GNRs or benchmarked GCE.
CONCLUSIONS
In conclusion, various 2D atomic layers were studied for their electrochemical activities. It has been concluded that efficient biosensors can be developed by engineering the 2D materials via doping or creating defects. MoS 2 ultra-thin sheets were identified for their charge selective sensing and it can be used for discriminating DA from AA. Moreover, engineering the electrode morphology and bringing new designs for electrodes can make a paradigm shift in the existing biosensor field. A 3D electrode geometry is tested for its efficiency towards biosensing and it is outperformed the parent 2D material, indicating the efficiency of high surface area 3D electrodes in making new sensors and electrochemical systems.
